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Electronic structure of CeRhIng: de Haas-van Alphen and energy band calculations
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The de Haas—van Alphen effect and energy-band calculations are used to study angular-dependent extremal
areas and effective masses of the Fermi surface of the highly correlated antiferromagnetic materia. CeRhin
The agreement between experiment and theory is reasonable for the areas measured with the field applied
along the(100 axis of the tetragonal structure, but there is disagreement in size for the areas observed with the
field applied along th€001) axis where the antiferromagnetic spin alignment is occurring. Detailed compari-
sons between experiment and theory are given.
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I. INTRODUCTION of the sublattice magnetization beldly, is much more rapid
than would be expected from mean-field theory and is a sign
The compounds Q¢lns (M=Co, Ir, Rh are a newly of reduced dimensionality.

reported family of heavy fermion superconductbr$These To date, studies of the electronic strlgcture of CeRhin
materials crystallize in the tetragonal HoCaGa#ructure and  have been far less complete. Corneletsal.” have reported
are built of alternating stacks of CglmndMIn,. CeColn, ~ limited de Haas—van AlphetdHvA) measurements along

and Celrlg have superconducting transition temperatures of€ Principal crystallographic axes using pulsed fields. These
2.3 and 0.4 K, respectively, whereas CeRhbnders antifer- measurements reveal an anomalous temperature dependence

romagnetically at 3.8 K at ambient pressure. Applied pres-of the dHVA amplitude as well as large directional anisotro-

sures of order 16 kbar can induce an apparently first-ordefieS I the effective masses of carriers that have been ob-

transition from the magnetically ordered state to a supercons- ved. .

ducting one withT,=2.1 K. The particular attraction of Here, we report a more comprehensive dHvA study
th terials | tr(; i ' " .I do th i bst t.t roughout the entire Brillouin zone of CeRBland com-
these materials Is that not only do they represent a substantigh e “o¢ results directly with local-density-approximation
increase in the number of known heavy fermion supercon%

| h i ) ) and-structure calculations. Recently, a similar study of
ductors but also they appear to be quasi-two-dimensionghe i has been reportétiTaken together, our results and

(2D) variants of Celg, an ambient-pressure antiferromagnet,se of Ref. 9 allow direct evaluation of the changes in
in which superconductivity can be induced at 25 kbar andyjectronic properties of Gélns as a function of transition-

100 mK? If one can demonstrate that the reduced dimenmetal ionM.

sionality is responsible for the factor-of-10 increase in super- |n what follows, we report the details of our dHVA mea-
conductingT, as well as the anomalous evolution from an- surements and band-structure calculations, discuss the extent
tiferromagnet to superconductor with pressure, their impacto which they are self-consistent, and compare and contrast
will far exceed that of just another family of heavy-fermion the electronic structures of CeRjland Celrln.
superconductors. However, much work remains to establish
this hypothesis.

Because it displays both “high-temperature” supercon-
ductivity as well as unconventional magnetic behavior, All of the measurements reported here were made at the
CeRhiny seems an ideal candidate for electronic and magNational High Magnetic Field Laboratory, Tallahassee, FL
netic spectroscopic probes to establish the degree of reduceding cantilever magnetometry at temperatures between 20
dimensionality and its impact on fluctuation spectra. Somend 500 mK in applied fields ranging from 5 to 18 T. Com-
progress has been made in establishing the magnetic struglete field rotations in thg100] and[001] planes of the te-
ture of CeRhlg.%’ Nuclear-quadrupole resonan¢blQR)  tragonal structure are reported. The sample was grown from
and neutron-diffraction measurements have shown that then In flux and etched in a 25% HCI in,B® solution down to
magnetically ordered state of CeRhlis a spiral-spin struc- a small plate that was mounted on the cantilever with Api-
ture in which the spins in a given Cegliplane are ordered ezon N vacuum grease or GE Varnish. This technique is most
antiferromagnetically, and the direction of the ordered mo-sensitive to low-frequency oscillations not observed typically
ments in the plane spirals along thewxis, rotating 107° per with the magnetic-field modulation technique.
layer. Although complete inelastic neutron-scattering mea- The dHVA effect, a measurement of the oscillatory part of
surements of the dynamical susceptibility remain in progresghe magnetization, is a method for determining Fermi-
already NQR has established that the temperature evolutiosurface properties. The oscillatory magnetizatibgis given

II. MEASUREMENTS

0163-1829/2001/64)/0645067)/$20.00 64 064506-1 ©2001 The American Physical Society



DONAVAN HALL et al.

CeRhIng
B || [100]
T T T
F, % | 2P F 3F, -F;
o3 2F, -F
100 |- g T -
_4:3 §2 L 2F7;F3
5 80| Fg 2 //2F7 R4
. 3
£ Ry A
F
S 60 6 %
F
3 30y l 1 1 ]
= 3.0 3.5 4,0 4.5 5.0 5.5
a0 F ¥
s ‘ frequency [tesla] x10
o,
]
20 F; -F¢ 2F; -
' '
0
0 500 1000 1500 2000

frequency [tesla]

FIG. 1. DFT of dHVA data taken with the applied field parallel
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FIG. 2. FFT of dHVA data taken with the applied field parallel

to [100]. The inset shows some of the high frequencies that ardo [001].

combinations of the fundamentals.

by the Lifshitz-KosevitchLK) equation(see Ref. 10 for the
mathematical detai)s

eral combinations(especially with theF;; e.g., F;—Fg
=1302 T). Similar combination frequencies were found in
all field directions; their origins will be discussed below.

The fundamental frequencies are plotted as a function of
angle in Fig. 3. As can be seen, the measured frequencies

1/2
2 GFTexp —apx/H
M,=—2.602x10 © T _ P(= apx/H)
HA”)  p¥sinh(—apT/H)
| [2mpF 1+7T !
XSl m _E Z, ()

wherea=1.47(m/my) X 10° G/K, A" is the second deriva-
tive of the area of the Fermi surfadeS) cross section that is
perpendicular to the applied field, G is the spin reduction
factor, p is the harmonic number, andis the Dingle tem-
perature. The frequencies of the dHvVA oscillations are pro-
portional to extremal areas of the FS and the Fermi-liquid
theory works well for heavy-fermion materials as has been
shown in previous studies.

Since the magnetization of the sample was measured with
a torque cantilever, it is necessary to understand how torque
is related to the LK equation. dHVA oscillations in the torque
arise from anisotropy in the Fermi surface, such that

VY 2
™=F dg Mo 2
whereF is the dHVA frequencyd is the angle of the applied
field, M, is given by the LK expression above, awWds the
volume of the sample. This means that a roughly spherical
FS will have a smaller torque signal than a highly elliptical
FS.

Two versions of a Fourier-transform algorithm were used
in the analysis: preliminary analysis was done with a fast
Fourier transforr{FFT) and in some cases a discrete Fourier
transform(DFT) was used to increase the frequency resolu-
tion. Fourier spectra of the oscillations obtained for the field

parallel to[100] and[001] are shown in Figs. 1 and 2. As can
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FIG. 3. Frequency as a function of angle. Calculated frequencies

be seen, there are several fundamental frequencies and seéor[001] and[100] are indicated with bowties.
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TABLE |. Structural parameters of primitive tetragonal
CeRhlry. Calculated parameters were obtained using GGA and
Brillouin-zone convergence as discussed in the text. The parameter
x is the Wykoff coordinate of displacement of face-centered In at-
oms alongz. Experimental values are from Heggetral.

Space group PAimn(123)

VIV exp 1.023 (Voxp=163.4 &)
cla 1.626 €/@xpl.620)
X 0.302 Xexp-306
B(Vexp 87 GPa
B(Vean) 78 GPa / | e
DOS (Ef) 10.8 eVt Y R W

L e

X TZ R T' M X I 8§

5 KT for the field applied nedi001]. The one defect of the FIG. 4. (Colo) The GGA band structure of paramagnetic

cantilever technique was alluded to i_n the pr_eViOUSCeRhlrg, calculated using experimental structural parameters.
paragraph—smaliiF/d# produces a small signal amplitude.

The me_asurgd dHvA OSC'"a.t'OnS were small {601] a_nd. ound in the Fermi surface discussed below. The electron
[100] orientations, and the signal amplitude was maximize 0S, shown in Fig. 5, shows the predominance of Ge 4
at apprOX|mQter a 45" rotation from each (.)f these principa harécter at the Fermi’energy. The DOSEat, while fairly
axes. One might propose thaf[ flelq-modulatmn measuremen 3rge, does not indicate a dramatic structural instability.
would be more appropriate in this case, but given the .Iow Fermi surfaces were calculated using a fine m@o0
(less than 1 KT frequencies measured here, the requweqrr

s ; . L S educible points, corresponding to a88x 32 gridding
gﬁg:?tﬁggelds are technically impractical in the high-field of the Brillouin zong with a potential converged with 270

50
Ill. DISCUSSION
fotal

The total energy and band structure of CeRhirere cal- 40 Cet
culated with a full-potential electronic structure method that fad
uses linear muffin-tin orbitals as basé<Calculations were
performed to obtain theoretical structural parameters, one-
electron bands and spectral densities, and the structure of the &

Fermi surface. All calculations used the generalized gradient ﬁ]‘m
approximation(GGA)*® to treat exchange and correlation a

and included the spin-orbit interaction in the variational ba- 10

sis. In the range of parameters searched, no magnetic insta-

bilities were found. The calculations reported here are for o actin
paramagnetic CeRhdnin the simple tetragonal structure el =
(P4immm).

Structural parameters were obtained by simultaneous ¢
variation of volume,c/a, and the single internal structural P 5
parameter to minimize the total energy. Substantially con- 4o i total '
verged results were obtained with a set of 45 irredudih&s E’?f‘
total) Brillouin-zone points. The calculated volum&a ra- -
tio, and internal parameter are given in Table I. Conventional
electronic-structure theorywith itinerant Ce 4 electrong
applied to a simple paramagnetic cell seems to give a satis-
factory description of the structural properties of CeRhin
Also given in Table | are the bulk modulus calculated at both Ly
the experimental and theoretical volumes and the Density of
States(DOY) at the Fermi energ§g calculated at the ex- o
perimental volume.

The band structure, calculated at the experimental vol-
ume, along high-symmetry lines in the Brillouin zone is  FiG. 5. (Color) The GGA density of states of paramagnetic
shown in Fig. 4. Bands of predominantly Cé 4haracter ceRhin, calculated using experimental structural parameters.fCe 4
dominate the band structure at and just abBye The set of  and 5 projections are shown ite) and Rh and In projections are
bands alongX—I'—=Z—R are indicative of the nesting shown in(b).
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FIG. 6. (Colon The first sheet of the paramagnetic CeRhin FIG. 8. (Color) The third sheet of the paramagnetic CeRhin
Fermi surface. The electron surface is illuminated; these are holEermi surface. The electron surface is illuminated.
surfaces

sheet, shown in Fig. 8, is predominantly an electron surface,

irreducible Brillouin-zone points. Three doubly degeneratealthough there is a large-ar¢g001]) hole surface on that
bands, which we label band 90, band 92, and band 94, cros$eet. This sheet consists of cylinders surrounfld®g] axis
the Fermi energy. The Fermi surface sheets formed by thegnd a lattice-structure surface. The dHvVA frequencies corre-
three bands are shown in Figs. 6, 7, and 8. In the figutes, sponding to extremal areas are given in Tables Il and III.
the center of the conventional Brillouin zone, is at the origin, We measured the temperature dependence of the dHVA
i.e., at the corners of the cubes. The lowest energy sheedmplitudes in the primary crystallographic directions. We
band 90, shown in Fig. 6, consists of hole surfaces centeredid not observe the anomalous temperature dependence of
aroundl” and X giving relatively low (600 T) dHvA fre- the dHVA amplitudes noted in Ref. 8, where f&jf [001] the
guencies. The next sheet, shown in Fig. 7, has both hole argmplitudes of the oscillations increase with increasing tem-
electron surfaces stretched along the tetragonal axis. The last

TABLE Il. Measured and calculated dHVA frequencies for
CeRnhlry with B along[100]. Frequencies listed by Cornelius have
been corrected by 4.5%Ref. 16.

Calc.F (T) Band F (T) Symb. F(T)®
2139 92 f) 2176 F
849 92 @) 874 Fs 861
761 92 @) 722 Fs 714
551 92 h) 446 Fa 492
362 90 ()
342 90 ()
337 90 () 324 Fsi 295
283 94 @)
245 90 ()
214 94 @) 212 F, 219
175 94 @)
110 94 @) 106 Fq 105
26 92 ()
22 90 ()
21 92 ()
10 90 ()
FIG. 7. (Color) The second sheet of the paramagnetic CeRhin 9 90 (h)

Fermi surface. The electron surface is illuminated.
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TABLE lll. Measured and calculated dHvA frequencies for ~ TABLE V. Measured dHVA frequencies for CeRBlmwith B
CeRhliny with B along[001]. along[001]. The frequency in parentheses is weak due to a low
number of oscillations in the sweep range.

Calc.F (T) Band MeasF (T) Symb. F (T), Refs. 8 and 16

Symb. F(T m*(m F (T), Ref. 8 m*(m,), Ref. 8
12326 92 ¢) 12280  Fi, y (M (me) M (M)

12126 92 §) Fio 12 286
11268 94 h) Fé 72004
6878 92 @) 7200 Fé Fg 6120 6.1-0.3 6256 6.50.8
5562 94 €) 6120 Fs 6256 F, 3600 4.6-1.0 3605 4.80.4
4502 94 g) 3600 F 3605 Fg 2740
4331 94 ¢) 2740 Fi Fi 2160
3951 94 @) 2160 Fi F, 1412 4503
686 90 h) 1412 F Fi 562
597 90 ) 562 Fi F 216
585 90 ) 216 F) Fi (115°

451 90 11 Fi
0) (119 ! #These frequencies appear only at the lowest temperatures.

bCalculation of masses for these frequencies was not possible be-

peratures between 0.4 and 1.2 K then decrease. Our measuréause the amplitudes did not change significantly over the mea-
ments carried out between 25 and 500 mK show decreasingured temperature range.
amplitudes with increasing temperature in all cases.

The measurements reported here agree substantially witg torque interactions due to the use of the cantilever. Either
Corneliuset al® after a 5% correction to their dat&all but  of these effects can give rise to a series of frequencies that
one (4708 T) of the frequencies reported in Ref. 8 are ob-5re combinations of two fundamental frequendfesthe
served here also. One major difference is the measuremenigeasured fundamental frequencies in Table Il are indicated
along[001] where we see many more frequencies. Our meaask, _F, and some of the combinations that are differences
sured frequencies in this direction run low as compared tQatween the fundamentals or harmonics of a fundamental
calculations, but we share two frequencies measured by Coknq another fundamental frequency are shown in Fig. 1. It
neliuset al: our F7 andFg (see Table Ill, Ref. 16 Also, the  should be noted that the same fundamental frequencies are
masses we measure for these orbits are in excellent agregybtracted from both the fundamental 2176 T and the first
ment(see Tab_le V. Corneliuset al. report a high-mgss orbit _two harmonics of 2176 TR-) to give the observed combi-
at 4686 T, which we do not see. Another major difference isyation frequencietsee the inset in Fig.)1In one case, 1744

that our measured masses fd00] are higher when com- T s the first harmonic of the fundamental 874 Fgj fre-
pared with those of Corneliust al. (see Table IV, a fact  guency.

consistent with our nonobservance of the anomalous tem- Fjye frequencies ranging from 9 to 26 T obtained in the

perature dependence. band calculations are too low to be observed experimentally.
That is, in the field range where oscillations are observed
IV. COMPARISON OF EXPERIMENT WITH THEORY (from about 7 to 18 Tthere are too few oscillations for these

We start the comparison between the calculated freque frequencies to be measurable. In addition there are four elec-

cies and the measured frequencies with those calculated ari(rg: g g;%'t.?. g]‘:)()ruv?/ﬁs:;\n\t\?et\gk?sgil/res,oilllst\-/rvoa?ri 2u1e5n;:ri,ei721-;
observed for the field along tH&00] direction. In this case ! y 9 '

. T and 106 T. Again, the Fourier transform may not have
there are many more measured frequencies than the calcu

. . o “Sufficient resolution due to an insufficient number of oscilla-
lated FS gives. We attribute this situation to strong magnetl% .
) ; : ions to resolve all of these frequencies.
interactions between electrons on different parts of the FS or o . .

The remaining five measured frequencies are in the same
range as the predicted frequencies from the band calculation.
Differences in detail occur, but it appears that for the field in
this direction the measurements give strong support to the
predicted FS.

TABLE IV. Measured masses for dHvA frequencies for

CeRhin, with B along[100]. Our data also are compared to that of
Corneliuset al.

Symb.  F(T) m* (m,) F(T)® m*(m,), Ref. 8 The_ agreement between the cglculgted and meas_,ured fre-
quencies is not as good for the field in tf@1] direction.

Fg 874 3.3:0.6 861 1.3%0.22 There are three calculated high frequencies, 11.268 KT,
Fs 722 2.0-0.8 714 1.1%0.09 12.126 kT, and 12.326 kT, whereas only one frequency in
Fau 446 3.9-0.9 492 0.72:0.14 this range is observed, 12.280 kT. This high frequency only
Fs 324 5.5-1.0 295 0.930.15 is observed in the lowest temperature data, 20 mK, and in-
F, 212 2.9-0.4 219 0.99:0.10 dicates a large effective mass for this frequency. The fact
Fy 106 3.3-0.6 105 1.36:0.23 that only one rather than three frequencies are observed may

indicate that the electron surface is much more cylindrical
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than is obtained from band theory. For the remainder of th& and (2) for F; in Table Il andF¢, Fg, Fg, andFi,in

frequencies, only the total number and order of the observedable 1lI, the signals are observed only at the lowest tem-

frequencies agree with the calculations. peratures. The masses are obtained from fits to the Dingle
In the band calculation the fact that the sample is antiferfreduction factor in Eq(1),

romagnetic at low fields in all of the measurement tempera- Re— 7\/Si N 3

ture ranges has not been taken into account. In the model that = mA/sinh(ah), &)

has been taken for the band calculations, the €eldctron wherex=27pkT/BB, B=eh/(m/mg)c, andm/my=m* is

is completely itinerant and there are no localized moments téhe effective mass. All of the effective masses we obtain in

cause the magnetism. Therefore, it is most likely that spinthis manner are greater than 1, and compare favorably to the

density waves exist in the electronic system and drasticall%\f;Ilues found in Ref. 8 from the high-temperature dHVA data.

alter the FS. This is the accepted situation in“Cand may e note that none of the measured masses are sufficiently

be the case here. A much more involved theory is required tfge to account for the measured valuelofof 400 mJ/

predict the FS under these circumstances. Exchange interag-Ole K from high-temperature specific-heat measurentents.

; i : the other hand there is a loss of entropy due to magnetic
tions could cause the FS to be split into separate spin-up an n th ) .
spin-down sheets. In order for this to be determined fronrd€ring and the inferred value df below Ty is 56 mJ/

ole K, much more in line with the masses reported here.

dHVA measurements several harmonics of these frequenci .
e effective masses measured on Cgl(Ref. 9 are larger

would have to be measurédWe did not observe the har- than what we observe in CeRRl|rconsistent with the larger

monics in these measurements and need to make measu{e; . ¢ measured in Celrin(Ref. 2 (in which no mag-
ments to higher fields at milliKelvin temperatures to do so. netic order is observed '

V. COMPARISON OF CeRhIng WITH Celrin ¢ VI. CONCLUSION

The structure of the Fermi surface of CeRhia essen- We have determined the electronic structure of CeRhin
tially the same as that calculated for Celyby Hagaet al? This determination includes both the_ results of dI_—|vA_m§a-
except that the frequency of the hole orbit perpendicular tgurements and energy-band calculations. The major findings
[001] arising from (what we label band 94 neal is  are as follows. , .
~11000 T, rather than-15000 T reported in Ref. 9. Our (1) The Fermi surface consists of structures arising fr(_)m
own calculations for Celrinfind a frequency close to that two hole bands and one electron band. The band calculations
calculated for CeRhiy ~11600 TV The high frequency 2aSSumea completely |t|nerant élec.tron from tr_]e Ce atoms
reported in Ref. 9 was not seen experimentally. The differ&nd the measurements confirm this assumption. One of the
ence in the two calculations may be in our inclusion of thenele surfaces and the electron surface are open along the

spin-orbit interaction or in the fineness of the grid used to®iS and could give rise to some rather two-dimensional
calculate the Fermi surface. character to the electronic properties.

The dHVA measurements on CekliRef. 9 find eight (2) While the energy-band calculations are for paramag-
branches for rotations in thel00] and [110] planes of the net!c CeRhlg and the measurements are on an_tlferromag-
tetragonal structure. Most of these branches are associat8glic CeRhlg, the agreement between experiment and
with large quasi-2D undulating cylinders that show the ex-theory is good for electron areas perpendicular to aHe

pected 1/cos)) dependence of the measured frequencie?la”e’ but deviate in size for orbits in this plane. This dis-
with 6 being the angle at which the field is applied awayagreement is thought to be due to spin-density waves in the

from the [100] axis. We see a similar behavior in the high c-axis direction that give rise to the antiferromagnetism in

frequency orbits for CeRhin Band-structure calculations theab plane. _ _
predict, in Refs. 9 and 17, in addition, that several small (3) The electronic effective masses that are measured all

pieces of FS should exist in both CeRhland Celrlg. &€ greater than the free-electron mass and are anisotropic,

These frequencies were not observed in Ref. 9 for CelrinVarying from less tham, to 6m, depending on direction.

but are observed here in CeRkIThese differences likely . ©Overall, the Fermi surface of antiferromagnetic CeRhin
are a result of the measurement techniques employed and gt Similar to that found previouslyin superconducting

of differences in the actual Fermi surfaces of the respectivé€!"Ms- Thus, while their ambient-pressure ground states are
materials. Overall, the result of these angular-dependerf@mpletely different, both of these materials have large
dHvA measurements on CeRplalong with the band calcu- electron-electron interactions and rather similar electronic
lations show that the Fermi surface has both small pockets cfiructures.
3D character and large undulating cylinders that should give

rise to a 2D character in other properties.
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tudes we have calculated the effective masses of the olfFoundation under Grant No. DMR-997134BF.). A portion
served frequencies in cases where signals were observaljé this work was performed at the National High Magnetic
over the entire temperature range of measurement. There aFgeld Laboratory, which was supported by NSF Cooperative
two cases where no masses are reportgdfor F;—F5 in  Agreement No. DMR-9527035 and by the State of Florida.
Table V the masses are sufficiently light that we observe n&ork at Los Alamos was performed under the auspices of
amplitude change within measurement uncertainty up to 0.the U.S. Department of Energy.
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